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AXTAL-FLOW TURBOJET ENGINE

By W. Kent Hawkins and Carl I. Meyer

SUMVARY

An investigation has been conducted in the RACA Cl eveland alti-
tude wind tunnel to eval uate the operational characteristics of a
3000-pourd-thrust axi al -fl ow turboj et engi ne over a range of sinmulated
altitudes from 2000 to 50,000 feet and sinulated flight Mach nunbers
from 0 to 1.04 throughout the operable range of engine speeds. Opera-
tional characteristics i nvesti gated include engi ne operating range,
accel eration, deceleration, starting, altitude and flight-Mch-nunmber
conpensation of the fuel-control system and operation of the lubri-
cation systemat high and | ow anbient-air tenperatures.

The operabl e range of engi ne speeds was considerably reduced at
altitudes above 40,000 feet. Increasing the flight Mach nunber at
these high altitudes increased the operating range. Wth one engine
configuration, starts were nmade at windmilling engine speeds up to
7600 rpm at altitudes between 30,000 and 50,000 feet. Wth the same
configurati on, minumm engine speeds from which successful starts could
be made varied from 1500 rpmat altitudes up to 32,500 feet to 5300 rpm
at 50,000 feet. During all accelerations made at altitudes bel ow
25,000 feet, neither combustion bl ow out nor excessive compressor Surge
was encountered, Acceleration fram engine speeds bel ow 10,000 rpm at
al titudes above 25,000 feet was uncertai n and combustion blow-out was
frequently encountered. No combustion blow-out was encountered during
decelerations at altitudes up to 25,000 feet. During sinmulated climbs
end dives at constant flight Mach nunber, an approximately constant
engi ne speed was maintained by the governor at constant throttle
position with initial engine speeds above 12,000 rpm. At an sltitude
of 25,000 feet, the engine speed remai ned essentially constant over
the range of flight Mach mumbers i nvesti gated for initial engine Speeds
of 11,500 and 12, 300 rpm at a constant throttle position. The oil
cool er provided adequate cooling at high inlet-air tenperatures, and
no excessive oi|l foaming was encountered at altitudes up to 50,000 feet
W th a 3-pound-per-square-inch pressure-relief valve on the oil-tank
vent.

B UNCLASSIFIED
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INTRODUCTION

Au inveastigation of an axial-flow turbojet engine having a thrust
rating of 3000 pounds has been mede in the FEACA Cleveland altitude
wind tunnel during July and August 1947 to eval uate the engi ne opera-
tiemal charaoteristlos over a range of sinmulated flight conditicns.
The two engines usedIn the investigation are referred to as the
original and nodified engines. The main components of these engi nes
were simlar except for changes nade within the compreascr and t he
oonmbusti on chamber of the nodified engine.

Oper ati onal characteristics discussed in this report include
engi ne operating range, aooeleration, deceleration, starting, altitude
and flight-Mioh-nunber compensation ofthe fuel -control system and
operation of the lubrioation systemat high and | ow anbient-air tenper-
atures. The discussion inocludes the effect of changes in the fuel
system the oil system the ignition system and the combustion chanber
on the various operational characteristics.

DESCRIPTION OF ENGINE

The t urbojet engine used in this investigation (fig. 1) is au
early experimental Westinghouse 24C engine having a static sea-leve
rating of 3000 pounds thrust at an engine speed of 12,500 rpm At
this rating, the air flowis approximtely 58.5 pounds per second,
the fuel consumption is 3200 pounds per hour, and the conpressor pres-
sure ratio is 3.6. The over-all length of the engine is 119% inches,

t he maximum di aneter is 28% inches, and the total weight is 1150 pounds.

The mai n oonponents of the engine include au 1l-stage axi al -fl ow com-
pressor, a double-annulus combustion chanber, a two-stage turbine, and
a fired-area exhaust nozzle.

The main components of the original and nodified engines used in
the investigation were simlar except for changes made to the conpressor
and t he combustion chember by the manufacturer. As a result of these
changes,the limting turbine-outlet tenperature was raised from 1250°
to 1400% F as read on the hott est thermocouple. The exhaust-nozzle-
outlet area was 183 square inches on the original engine and 171 asquare
inches on the nodified engine.

Compressors. - For the conpressor of the nodified engine, the
loading of the el eventh-stage rotor blades was reduced to obtain a
more nearly uniform velocity distribution at the conpressor outlet.
Reduced | oadi ng was acoccmplished by twisting the bl ades 3° at the mid-
span and 6° at the tip in the direction of reduced angle of attack.
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Conbustion chanbers. -The only chenge made to the combustion-
chamber Dbasket was in steps 3 and 4. In the original engine, sec-
ondary air entered the conmbustion chanmber through rowsof eircular
holes in steps 3 and 4 (fig. 2). For the modified engine, secondary
air entered the combustion chamber through a single rowof |arge
rectangular holes in step 3. The total area of the combustion-
chanmber wall perforations was the sane for the original and nodified
engines.._ The fuel nozzles for the original engine had a rated capac-
ity of 7% gallona per hour at a differential pressure of 1200 pounds

per squar e inch, as compered t0 a capacity of 7 gallons per hour for
the nodified engine. Secreens were instalied in two of the three
annul ar passages at the combustion-chamber inlet. For the original
engi ne, a soreen havi ng 80-percent bl ocki ng erea was installed in
the outer annular air streamand one of40-percent bl ocki ng area was
installed in the internediate annul ar air stream For the modified
engi ne, these screens were replaced by two screens of 30-percent

bl ocking area.

Lubrication system =« Luring nost of the investigation, oil was
supplied to the engine oil pwmp froma SO gallon tank outside the
wind-tunnel test section. Wth this system the tenperature of the
0i| ecould be regul ated by electric heaters or by a heat exchanger sup-
plied with cooling water, For |ubrication and cold-starting tests, a
6-gallon aircraft-type oil tank was nount ed abeve t he compressor
(fig. 3). For the col d-startin?1 tests, the metering ofifices were
removed from the oil lines to the bearings, the oil cooler was bypassed,
and the standard pressure-relief valve was replaced by one having a
greater capacity With two return lines to the tank. O conforming
t 0 specification AAF 3606 was used for the entire investigation.

Fuel system = The engine was equi pped with a governor unit,
which | ncluded 8 gear-type fuel pump,8 pressure-relief valve, a
speed control, and a barocmstric control. A schematie di agram of
the governor 1s presented i N figure 4 and 8 description (f 1its
operation is included in the appendi x. This governor was used only
for acceleration, deceleration, amd altitude and flight-Msh-nunber
compensation tests. For the remainder of the program 8 special
fuel -control systemwas installed (fig. 5). A constant-speed elec-
t zi cal  ydrivengear-type fuel punpwas used and fuel was bypassed
around t he punp by 8 pressure-relief valve and a throttle in parallel
with the relief valve. A throttle in the main fuel line oontrolled
the flow to the fuel manifold. A solenoid drain valve was installed
at the bottomof the manifold to drain off the excess fuel when
shutting down the engine. Aviation fuel conforming t 0 specification
M F-28, Amendnent 3 was used for the entire investigation.
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Ignitionsystem - Tgnition wasprovided by two spark plugs
about 12 i nches fram t he upstreamend of the ccmbustion chanber

whi oh entered the bottom of the outer casing at radial angles of

45° with the vertical center |ine. The standard Ignition system
supplied with the engi ne inocluded two ignition coils and two single-
el ectrode spark plugs using the burner basket as the ground el ec-
trode with a 0.312-inch spark gap. Wth the origi n81 combustion-
chamber basket, a small air gap around the spark plugs allowed air to
flow through the sparking region into the primary burning zone. Wth
the nodified combustion-chamber basket, shields were provided around
the spark plugs that prevented the flow of air between the plugs and
t he combustion-chamber basket. The shields then provided the ground
el ectrode

For part of the starting tests, double-electrode spark plugs
were installed in the nodified oonbustion-chamber basket. One set
of spark plugs had a spark gap of 0.250 inch and & second set had a
spark gap of 0.312 inch. Shields were also provided around these
spark plugs that prevented the flow of sir between the plugs and
the basket.

An electronic i gnition systemwas also_used during the starting
tests. This systemused two double-electrode spark plugs that were
supplied with shields. Aninitial high-freguencyimpluse of 20, 000
to 25,000 volts was used to break down the spark gap and thereby
remove carbon from t he el ectrodes. Thi s high-frequency i npul se was
followed by & relatively lowvoltage high-energy inpulse that supplied
the spark

INSTALTATION AND PROCEDURE

The engine wasinstalled in awi ng nacelle, which was supported
in the 20-foot-dianeter test section of the altitude wind tunnel by
t he tunnel balance frame (fig. 6). The engine was supported in the
Wi ng by two self-alining ball-and-socket nounts located on each side
of the fuel manifold and by 8 tie bolt on the top ofthe front-bearing
support.

For part of the investigation, inlet pressures cerresponding to
high flight Mach nunbers were obtained by introducing dry refrigerated
air fromthe tunnel make-up air system through 8 duct to t he engine
inlet (fig. 6). This air was throttled from approximately sea-leve
pressure to the desired pressure at the oonpressor inlet while the
tunnel pressure corresponding to the desired altitude was maintained.
The duct fromthe make-up air system was oconnected to the engine inlet
duct by means of aslip joint with a |abyrinth seal

92A



Jeb

NACA RM No. E8J25 5

For acceleration, deceleration, and cold-starting tests, the
engine air was taken directly fromthe w nd-tunnel test section
(fig. 7). Cowing was installed around the engine and a wooden lip
was nounted at the nacelle inlet.

The conpressor-inlet air tenperature was maintained at approx-
i mt el y NACA standard val ues for each sinulated flight condition
except those of high altitude and low flight Mach number. Wth the
air duct connected to the engine inlet duct, temperatures as |ow
as -20° F were obtained. When the engi ne air was takendlrectlyfrom
tge mﬁqg tunnel test section, tenperatures as |ow as -40° F were
obt ai ne

For the wi nd-tunnel investigation, an extendedtail pipe zog

inches in dianeter and 34 inches long was attaohed to the downstream
flange of the tail-cone casing. An exhaust nozzle 20 inches |ong was
aettached to the downstreamend of the tail pipe. The exhaust-nozzle-
outlet area was 183 square inches for the original engine and 171 square
inches for the nodified engine

The operational tests were conducted over a range of sinulated
altitudes from2000 to 50,000 feet and simulated fl|ight Mach numbers
from Qo 1.04. Investigation of the lubrication system except for
cold starting, was conducted with the original engine configuration
Al'l other data presented herein were obtained with the nodified engine.

Tenperatures were measured and recorded by two self-bal anci ng
potentioneters. Total and static pressures within the engine were
neasured by water, alkazene, and nercury manometers and were phot o-
graphically recorded. Fuel an8 oil pressures were measured by air-
craft selsyn pressure gages. During acceleration and decel eration
tests, the engine control panel was photographed at approxi mately

one frane every l%rseconds by an aerial reconnaissance canera. The
engi ne speed was read froma tachoneter except during the operating-
range determnations and the altitude and flight-Mach-nunber conpen-

sation tests, when a combination c|lock and revol ution counter was
used.

RESULTS ARD DISCUSSION
Qperating Range
Effects of variation in altitude on the operable range of the

modi fied engine at two different flight Mach nunbers are presented
infigure 8. The direction in which the altitude and the engine



8 NACA RM No. E8J25

speed were being changed to obtain data points is indicated by the
arrow adj acent to each point. Maxi mum engine speed was either

12,500 rpm or the speed at which a [imting turbine-outlet tenper-
ature of 1400° F, as read on the hottest thernmocouple, was obtained.
As the altitude was raised at constant flight Mach nunber, the max-

I mum engi ne speed decreased. At altitudes above 45,000 feet, burning
through the turbine and in the tail pipe was indicated at maxi mum
engine speed by a light blue reflection appearing in the tail pipe

As the flight Mach nunber was increased at a constant altitude, the
maxi mum engi ne speed was raised.

M ni mum engi ne speed was defined as the |owest engine speed
at which operation was stable and fromwhich the engine could be
accelerated. At high altitudes and a constant flight Mach nunber
t he minimum engi ne speed increased rapidly as the altitude was
raised. The m ni mum engi ne speed was approxi mately 4000 rpm at
altitudes up to 40,000 feet with a flight Mach nunber of 0.24 and at
altitudes up to 45,000 feet with a flight Mach nunber of 0.52
Increasing the flight Mach nunber |owered the minimum engi ne speed
at these altitude conditions.

A limted amount of mninumengine-speed data obtained with
the original emgine indicated that at high altitudes the m ninum
engi ne speed was considerably | ower than for the nodified engine.
The maxi mum engi ne speeds Were not appreciably different for the
two engines.

M ni num engi ne-speed data are not easily reproduced. During
operation of the nodified engine between 10 and 40 hours after a
ma jor overhaul, performance data were obtained in the region indi-
cated as an inoperable range in figure 8 The m ninumspeed data
were obtained about 110 hours after this overhaul. From these data
and simlar observations made during the performance investigation,
It is concluded that the operating range of the engine changes wth
engine life

Accel eration and Decel eration

The turbine-outlet tenperature varied during accelerations,
al though an attenpt was made to hold this tenperature at the maxinum
al | owabl e val ue for acceleration (1500° F as neasured by the hottest
thernocouple). Careful manipulation of the throttle was regulred
bet ween engi ne speeds of 4000 and 6000 rpm to avoid exceeding the
tenperature limt. Above an engine speed of 6000 rpm the throttle
was opened wi de, but in nost cases the governor limited the accel eration
to tenperatures below the limting value.

926
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The effect of altitude on the acceleration characteristics of
the nodified engine with the engine governor installed i S presented
in figures 9 and 10. During all accelerations made at altitude8
bel ow 25,000 feet, neithex conbustion bl owout nor excessive com
pressor surge was encountered. Acceleration fromengi ne speeds
bel ow 10,000 rpmat altitude8 above 25,000 feet was uncertain and
conbustion bl owout was frequently encountered a8 a result of erratic
governor operation. At an altitude of 35,000 feet, combustion blow
out was repeatedly encount ered duri ng repid accelerations f r onengi ne
speeds of 8000 and 9000 rpm

The time required at static flight conditions to accelerate
from 6000 to 11,500 r pm increased from 8 second8 at 5000 feet to
16.8 second8 at 25,000 feet (fig. 10). This increase in acceleration
time with altitude resulted from t he decreased accelerating force
exerted on the turbine blade8 by the | owdensity gases at high alti-
tude. The result8 of experinental and calculated data to determ ne
the ratio of the tinme required to accelerate at altitude to the time
required atsea | evel are shown in figure 11. In determiningthe cal -
cul ated curve, the effects of friction were neglected and the assumption
was nade that turbine-inlet tenperatures were the same at all altitudes
during acceleration. The ratio of time required to accelerate at alti-
tude to that required at sealevel was then foundto be inversely pro-
portional to the respective densities of the inlet air

The effect of £iight Mach nunber on the acceleration tinme at an
altitude of 5000 feet zashown in figure 12 for accelerations from
two different engi ne speeds. An increase in flight Mach nunber
fromO to 0.45 reduced by about 19percent the time required to
accel erate the engine fromi000 to 12,000 rpm and reduced by about
16 percent the time required to accelerate from 6000 to 12,000 rpm.

A reduction in acceleration time with increase in flight Mach nunber

was observed at altitudes up to 25000 feet. Al acceleration data
presented herein coul d be duplicated. Due to erratic governor action,
gome acceleration8 were made at greater rates wthout exceeding exhaust-
gas tenperature limits; when attenpt8 were made to duplicate these
accelerations, however, excessive tenperatures were encountered.

The minimum time required for a deceleration was obtained by
moving the throttle to the full-closed position end holding it there
until the engine idling speed of 4000 rpm was reached. The throttle
wa8 t hen advenced to mmintain this idling speed. The effect of change
In altitude on the rate at which the modified engine coul d be decel er-
ated is shown in figure 3. Conbuation bl ow out was not encountered
during any deceleration at altitudes up to 25,000 feet. The tine
required to decel erate froman engi ne speed of 12,000 to 4000 rpm
Increased from about 105seconds at 5000 feet to about 40 seconds
at 25,000 feet.
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The increased time required to decelerate the engine at high altitudes
was partly due to the reduction in wi ndage losses resulting from the
[ ower air density.

The' effect of flight Mach number on the deceleration time at
an altitude of 25,000 feet is shown in figure 14. An increase in
flight Mach number from 0 to 0.45 decreased by about 21 percent the
time required to decelerate the enginefrom 12,000 rpm to 4000 rpm.
Most of ' the decrease i n deceleration time occurred bet ween engine
speeds of 11,000 and 6000 rpm A reduction in deceleration tine with
increases in flight Mach number was observed at all altitude8 bel ow
25,000 feet, which 1e partly attributed to an increase in w ndage
loasses due to higher air density at the conpressor inlet. No deceler-
ations were made at altitudes above 25,000 feet due to erratic
governoxroper ati on.

Al titude and Flight~-Mach-Number Compensation
of Engi ne- Gover nor System

Simulated climbs and dives were nmade at comstent flight Mach
nunber betweenaltitudes of 5000 and 40,000 feet with the nodified
engine. The altitude limt of each climb was that altitude at
which limiting turbi ne-outl et gas temperatures were enoount er ed.

Above an initial engine speed of 12,000 rpm Wi th a constent
throttle position, the governor maintained an approxi mately constant
engi ne s-peed a8 the altitude was inocreased, whereas at | ower initial
epeeds, t he speed increased as the altitude was raised (fig. 15).

The governmor wes designed to allow an increase in engine speed from
lowinitial speeds a8 the altitude was rai sed, a8 shown in figure15.
Al t hough thie ef f ect was obtai ned, governor action was not completely
satisfactory because limiting gas tenperature8 at the turbine outl et
wer e encountered between altitude8 of 30,000 and 40,000 feet. This
condition resulted frominability of the governor to keep engine

speeds Wi thin the operabl e range. The hysteresis in t he governor
during elimbs and dive8 was negligible at high initial engine speeds,
but at initial engine speedsbel ow 8000 rpm this effect was appreciable.

During simulated climbs and di ves, irregular actlionof the
gover nor barometric control caused hunting at certain fuel flows
and band8 Of engine speeds. The anplitude of this hunting ueuelly
amounted t0 about 200 rpm, With an oscillation period of about 2 to
4 seconds. Conditions at which this hunting took place were not
clearly def i ned.
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Effects of variations in flight Mach nunber frem 0,11 to 1.04
on speed regul ation are shown in f£igure 16 for an altitude of
25,000 feet. The engi ne speed remai ned essentially const ant over
“the range of flight Mach numbers investigated for engi ne speeds
of 11,500 and 12,300 rpm. For an initial engine speed of S050 rpm,
t he maxi mum devi ati on was 350 rpm for the range of flight Mach
numbers investlgated. Negligible hysteresis effects were encountered
at all engine speeds.

Vi ol ent hunting of engi ne speed amd fuel flow often ococurred at
engi ne speed8 of about 12,000 rpm as the flight Mach number was being
increased. |n one case, at an altitude of 25,000 feet and a flight
Mach nunmber of about 1.04, the engine speed suddenly surged from
1ﬁ,40g to 13,000 rpm and it was therefore necessary to pull back
the throttle.

- In accordance W th these findings, a redesi gned governor is
being used on |ater engines.

Starting Characteristics

Ori gi nal - engi ne combustion-chanmber basket. - Wth t he original-
engi ne combustion-chamber basket, Whi oh had an air gap around the
spark plug8 through whioh air was admtted to the primry buwning
zone, erratic starting characteristics were obgerved. Startingat
sea- | evel static conditions was fairly dependabl e, although the
turbine-outlet gas tenperature8 were often considerably above |inmt8
during the acceleration to engine idling speed. This condition wes
caused by an excese of fuel in the combustion chanber a8 a result of
del ayed burner ignition during the sterting attenpt.

Windmilling St arti ng characteristics were very unsatisfactory
because t he combustion chamber coul d not be ignited at a windmilling
engi ne speed of morethan 1000 rpm at an altitude of 5000 feet. The
starter ocranking speed of the engine was found to be approxinately
1500 rpm thereby making it impossible to ignitethe conbusti on chanber
at an altitude of 5000 feet with the starter in use. Starts were made
at altitude by igniting the combustion chamber at engine windmilling
speelds under 1000 rpm and then engaging the starter to assiat in
accel eration.

Modi fi ed- engi ne combustion-chamber basket. - Wth the modified-
engi ne conbustion- &nber basket, 1n which the only change made to t he
primary burning zone was sealing the gap around the spark plugs, start-
ing characteristics were satisfactory. Starting at sea-level static
condi tion8 was dependabl e and accel eration was easily accomplished.

The windmilling etarting data presented were obtained with the
electronic i gnition system. The m ni num engine windmilling speeds
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from whi ch successful startes could be made varied fromapproxi nately
1500 rpmat altitudes up to 32,500 feet to 5300 rpmat 50, 000 feet

(fig. 17). Engi ne windmilling speeds Of 1500and 5300 r pm correspond

to flight Mach nunmber8 of about 0.30 and 0.90, respectively. Bel ow

an al titude of 40,000 feet, starts could be nade at engi ne windmilling
speeds | ower than indicated in figure 17, but accel erati on was difficult
and turbine-outlet gas temperestures were excessive. Start8 were made

at wndmlling speeds up to about 7600 rpm at altitude8 as high as
50,000 feet, but no start8 were attenpted above this speed

| mproved st arti ng characteristics with*the nodi fi ed combustion-
chamber baeket could probably be attributed to sealing of the air gap
around t he spark plugs, inasmuch as air passing through the Sap In the
original basket tended to blowthe fuel awey fromthe spark plugs.

gnition Systems

[ gnition coil and single-electrode apark plug. -Wth t he single-
el ectrode unsghielded spark plugs havi ng a spark gap of 0.312 inch,
which were installed in the original conmbustion-chanber baeket, no
starts were attenpted at altitude8 above 10,000 feet. It might have
been possible to ignite the fuel in the combustion chanber with this
spark-plug configuration at high altitudes; however, because no starts
coul d be made at windmilling speeds above 1000 rpm, excessively hi gh
turbine-outlet tenperature8 woul d have been encountered. Wth the
ei ngl e-el ectrode shiel ded spark plugs, which were installed in the
modi fied conmbustion-chanber baeket, starts were made at altitude8 up
to 40,000 feet.

Ignition coil and doubl e-el ectrode spark plug. - Wth the double-
el ectrode shielded spark plug8 having a spark gap of 0.250 inch, which
were Installedin the modified-engine conbusti on-chanber baeket, starts
were nade at altitude8 up to 40,000 feet. A nunber of attenpt8 to
start the engine at an altitude of 45,000 feet with this configuration
wer e unsuccessful. \Wen the spark gap was increased to 0.312 inch, it
wasg | Mpossi bl e to staxrt the engine at any altitude.

Electronic ignition system and doubl e-el ectrode spark plug. -
Wth the electronic ignition system and the double-electrode spark
pl ugs installed i n t he nodifi ed- engi ne combustion-chamber basket,
starts were nmade at altitude8 up to 50,000 feet. Wen the energy
supplied t0 t he spark plugs was reduced bel ow t he normal .level,
starting was not always possible at an altitude OF 50,000 feet. Ko
starts were attenpted at altitudes above 50,000 feet.
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Lubri cati on Systenm

Qil foam ng. = The oil-foam ng probl emwas investigated W th
t he original engi ne at altitudee up to 50,000 feet throughout the
range of operabl e engi ne speeds With the 8-gallon 0il| tank attached
to the engine installation. W th a 3~pound-per-sguare-inch pressure-
relief valve on the oil-tenk vent, no oi|l consumption due to foaning
in the tank was encountered at any altitude. Q1I-punp discharge
pressure increased as the altitude was raised and thereby afforded
sufficient pressure t 0 lubricate t he engi ne adequately at all alti-
tudes. The increase in pressure was attributed to the decrease in
anbient-air tenperature, which lowered the oil tenperature.

Ol canlipg - An investigation was conducted W th the original
engine at elevated compressor-inlet tenperature8 in order to determne
whet her the oil cool er had adequate capacity to cool the oil at high
anbient-air tenperature and high flight speed and thus prevent the
bearings from overheating. Wth an inlet-air tenperature of 107° F
at an altitude of 35,000 feet, a flight Mach nunber of 1.04, and an
engi ne speed of 12,500 rpm, t he oll-pump discharge tenperature stabil -
i zed at 141° F. Because adequate cooling was provided by the oil
cool er, the stabilized bearing tenperature8 ranged £rom 1382 F on
bearing 1 to 215° F on bearing 3. The maxi num al | owabl e bearing tenper-
atures are 200° F forbearing | and 285° ¥ for bearing8 2 and 3.

Col d starting.--Tm starting the engine at subzero temperatures,
the critical component is the | ubrication system. At such |ow tenper-
atures, the high viscosity of the oil may result in failure of the oil
pump, excessive bearing tenperatures, or both. An oil line was so
installed that the oil cooler was bypassed and t he capacity of the
pressure-relief val ve was increased. Before a cold start, the engine
wagal l owed t0 soak at an amblent-air temperature of about -500 F at
en altitude of 2000 feet until the bearing tenperature8 were within
about 20° F of the ambient-air tenperature.

Deta showi ng the increase in engi ne speed and oi |l - punp discharge
pregsure with time during t w0 cold starts with the modified engi ne
are shown in figure 18. On the first start, t he engine speed was
increased t0 about 7000 rpmin 43 seconds, at which time the oil punp
failed, a8 $ndicated by the drop in oil-punp discharge pressure.
Inspection of the oil punp reveal ed that expansion of the rotor8
resulted i n seizure due to inadequate axi al clearance and caused t he
drive shaft to shear.

A replacement oil punp with increased axial clearance was
installed on the engine. For the col d start made with this punp,
t he engi ne speed was increased at a slower rate in order to avoid
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exceedi ng an oi |l -punp di echarge pressure of 300 pounds per square

inch (fig. 19(a)). Approximately 9 minutes were therefore required

to reach an engi ne speed of 12,400 rpm. After 13 mnutes of operation,
the oil-punp discharge pressure had stabilized. No excessive bearing

t enperat ures were encountered during the oold start (fig. 19(b)) and
the tenperature8 stabilized after approximately 23 mnute8 of operation

Because of the sl ower accel eration, the replacemsnt oi|l punp was
not subjected to assevere treatment as the original punp. Failure
of the original punp mght not have occurred had the acceleration
been sl ower.

SUMMARY OF RESULTS

From an investigation of a complete axial -fl ow turbojet engine
Wi th a thrust rating of 3000 poundsin the NACA Cl evel and altitude
wind tunnel at simulated conditions of altitude and flight Mach num-
ber, the operational performanceis summarized as follows:

1. The operating range was considerably reduced at altitudes
above 40,000 feet. Inoreasing the flight Mach nunmber at these high
al titudes increased t he operabl e range of engi ne speed.

2. Wth the nodified-engi ne oombustion-chanber basket and the
electronic i gnition system, starts were nade at windmilling speeds
up to 7600 rpm at altitude8 up to 50,000 feet; however, no starts
wereattenpt ed at hi gher windmilling speeds. The minimum engine wind-
mlling speed frem whi oh successfulstartscoul d be made varied from
1500 rpm at altitudes up to 32,500 feet to 5300 rpm at 50,000 feet.

3. During all accelerations nade at altitudes bel ow 25, 000 feet,
nei t her combustion bl ow out nor excessive conpressor surge was encoun-
tered. Acceleration from engi ne speeds bel ow 10,000 rpm at altitude8
above 25,000 feet was uncertain and conbustion bl owout was frequently
encountered as a result of erratic governor operation. In accordance
W th these findings, a redesigned governor isbeing used on | ater
engi nes.

4. No conbustion bl ow out waes encountered during decelerations
at altitude8 up to 25,000 feet. No decelerations were nade at higher
altitudes,

5. Above an initial engine speed of 12,000 rpmw th a constant
throttle position, t he governor nuintained an approximately const ant
engi ne speed as the altitude was increased. At |ower initial engine
speeds, the speed increased as the altitude was raised until high
speeds that were limted by turbine-outlet gaa tenperatures were
encountered between altitude8 of 30,000 and 40,000 feet
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8. At a constant throttle position, the engi ne speed renai ned
essentially constant over the range of flight Maeh nunbers
investigated at an altitude of 25,000 feet for engi ne speeds
of 11,500 and 12,300 rpm.

7. No excessive 0i|l foam ng was encountered at altitudes
up to 50, 000 feet Wth a 3-pound-per-square-inch pressure-
relief valve on the vent of a 6-gallon aircraft-type oil tank.
Adequat e 0i| cooling was provi ded by the oil cooler at compressor-
inlet air tenperature8 up to 1072 F at an altitude of 35,000 feet.

Lewis Flight Propulsion ILaboratory, .
Nat i onal Advisory Committed for Aeronautics,
C evel and, OChio.
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APPERNDIX - PFUNCTIONING OF STANDARD ENGINE GOVERNOR

The standaxrd engi ne governor consists of a gear-type fuel punp
i n conjunction Wi th an all-speed governor, an acceleration and decel -
eration control, and an altitude and £light-Mach-number conpensation
control. The governor is driven directly fromthe accessory-drive
gearbox and is nounted on the gearbox.

926

A schematic diagram of the governor is presented in figure 4.
The main flow offuel supplied by the fuel punp B passes through
the venturi D, the throttle orifice F, the constant-pressure valve G
and the nmanifol d pressure valve B into the engine fuel-nozzle nani-
fold system. Pump outl et pressure is hel d constant by the relief
val ve C,bypassing fuel to the punp inlet. The displacement of the
punp and hence the fuel flow is a function of the engine speed
Because the entire capacity O the gear-type fuel punp passes through
the venturi, the pressure drop across the venturi Is a function of
the engine speed. This pressure drop ie applied to the contro
di aphragm I, which is |oaded by the pilot-valve spring K the force
of which is determined by a cam N located on the shaft of the control
arm M. Thus it can be seen that each poeition of the control arm
require8 a certain engine speed for the system to be balanced. In
thie manner the speed-measuring part of the control is provided.

The pilot valve J, whioh is |ocated on the shaft between the
control diaphragm and the pilot-valve spring, controls the fuel
pressure bl ed throught the pilot-valve jet L fromthe spring si de
O the constant-pressure velve G The position of the constant-
pressure valve is therefore governed by novenent of the contro
di aphragm which in turn control8 the anount of fuel to the engine

Downstream Of t he constant-pressure val ve, some of the fuel
that would otherwise go into the conbustion chanber is bypassed
through the acceleration control 0 back to the inlet side of the
pump. The acceleration control performs a dual function; it
provides a fixed acceleration curve to pernmt engine acceleration
at a safe rate and it compensates for changes in altitude and air-
speed to enable the governor to maintain a constant engine speed
for a fixed control-arm position

The first function is accomplished as follows: The size Of the
throttle orifice and the rate8 of the relief-valve, the constant-
that during nost of the acceleration process all the punp delivery,
except that bypessed by the acceleration control, must go to the
engine. The pressure downstreamof the constant-pressure val ve
is comunicated to the end of the acceleration-control valve P
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opposite it 8 spring through the bl eed holes in this valve. Wien this
pressure reaches a sufficlent value, it moves the valve toward an

open poeition Until the bleed ports are sealed by the center|and of

t he acceleration-control servo val ve. The val ve then provide8 (at

Const ant compressor-inlet pressure) a fixed-area bypass that returns

to the fuel-pump inlet the fuel not needed for acceleration. The

size O the bypese opening i n t he acoeleration control is governed

by an eneroid capsule 8, which i S subjected t 0 compressor-inlet pressure R

The second fumction Of thi s control is explained asfollowa:
Wth increasing altitude and constent f|ight speed, the aneroid-
capsule-~-chamber pressure ls reduced, therefore causing t he capsule
to expend. This action nove8 the accelerating-control servo valve Q,
and thereby permits the accel eration-control valve to open further.
This increase i N bypass openi ng permits nore fuel to return to the
pump i nl et and thus reduces the fuel supplied to the engine. The con-
trol diaphragm the pilot valve, and the pilot-valve spring can thus
maintain approximately the relative poeition they had at sea |evel.
The impect pressure Of forward airspeed causes t he capsule t 0 work
in the reverse direction, Whi ch permits less fuel to return to the
pump inlet and thus increases the fuel supplied to the engine.

The manifold-pressure val ve H establishes a minimum | nt er nal
pressure in the control. This pressure is required in order to
insure a sufficlent pressure dr op across t he acceleration-control
valve at altitude, to allowit to bypass back to the fuel-pump inl et
the emount of fuel not required by the engine at that altitude.
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